The mechanism of nucleotide addition by DNA polymerases involves two metal ions that are coordinated in the active site by conserved acidic residues. The three acidic residues that chelate Mg 2 in the active site of Escherichia coli DNA polymerase III have been identi®ed as Asp 401 , Asp 403 , and Asp 555 by site-directed mutagenesis. Candidates for mutagenesis were initially chosen based on absolute conservation of acidic residues in an alignment of more than 20 diverse DnaE sequences. Conservative Asp to Glu mutations at positions 401 and 403 reduced the activities of the mutant polymerases 2000 and 333-fold, respectively, from that of the wild-type. The third carboxylate was identi®ed by a series of mutations for each critical candidate. With the exception of Glu, all of the mutations at Asp 555 led to severely diminished polymerase activity, while each of the other candidates exhibited several relatively active mutant polymerases. Moreover, only the identi®ed active site mutant polymerases displayed a signi®cant enhancement of activity in Mn 2 compared with Mg 2 . These data suggest a direct involvement of the mutated amino acid in metal ion binding.
Introduction
Four families of DNA-dependent polymerases have been proposed based on amino acid sequence comparisons and alignments (Delarue et al., 1990; Blanco et al., 1991; Braithwaite & Ito, 1993) : sequences homologous to (1) Escherichia coli DNA polymerase I; (2) eukaryotic DNA pol a, including E. coli DNA polymerase II; (3) eukaryotic DNA polymerase b and terminal transferase sequences; and (4) E. coli DNA polymerase III. Crystal structures have been determined for members of the ®rst three of these families (Ollis et al., 1985; Beese et al., 1993; Davies et al., 1994; Sawaya et al., 1994 Sawaya et al., , 1997 Kim et al., 1995; Wang et al., 1997; Kiefer et al., 1998 , Doublie Â et al., 1998 , but not for the polymerase III (pol III) family. These crystal structures have revealed a common polymerase geometry consisting of three domains: the ®ngers, palm, and thumb. These observations support the hypothesis that all polymerases share a common nucleotidyl transfer mechanism (Steitz, 1993; Joyce & Steitz, 1994) involving two metal ions bound to the 3 H -OH of the primer terminus and the phosphates of the incoming deoxynucleoside triphosphate. These interactions facilitate alignment, activate the attacking and leaving groups, and stabilize the developing negative charge in the pentacovalent transition state.
The Mg 2 are held in the active site by conserved acidic residues located at the active site of the polymerase. The palm contains three strictly conserved carboxylate groups (Delarue et al., 1993; Braithwaite & Ito, 1993) shown by mutagenesis to be crucial to polymerase activity (Polesky et al., 1990 (Polesky et al., , 1992 Bernad et al., 1990; Boyer et al., 1992; Blasco et al., 1993 , Blanco & Salas, 1996 . In mammalian polymerase b (pol b), carboxylate D192 is found in either of two positions and, during polymerization, a movement of the thumb region enables the third carboxylate to coordinate the metal ion in the catalytically active conformation (Sawaya et al., 1997) . In some structures, only two acidic residues are seen coordinated with metal ions (Doublie Â et al., 1998; Kiefer et al., 1998) , but it is possible that a side-chain rotation repositions the third carboxylate to participate in metal ion-binding.
By sequence alignments, three critical active site acidic residues are conserved in all families of DNA polymerases where representative members have been crystallized and active sites identi®ed. Two of these carboxylates are either adjacent (pol I family) or separated by a single amino acid (pol a and b families) and are within a short sequence motif C that was identi®ed by sequence alignments (Delarue et al., 1993) . The third critical acidic residue is within motif A. For motif C sequences, Delarue et al. (1993) originally aligned the two pol I family acidic residues with the two non-adjacent pol a acidic amino acids (DTD) by inserting an alignment gap between the adjacent pol I family carboxylate groups. Based on superpositions of homologous structures for the two families, Steitz and co-workers (Wang et al., 1997) proposed that the two acidic residues present in all C motifs are not equivalent. These investigators suggested that there are only two absolutely conserved carboxylate groups in the active site of polymerases from these two families, one Asp each in motifs A and C. This idea is consistent with the T7 DNA polymerase crystal structure showing only one motif C carboxylate in contact with a metal ion (Doublie Â et al., 1998) and with mutational studies on analogous residues in Klenow fragment; effects of mutations at E883 are less severe than those at D882 (Polesky et al., 1992) . However, this hypothesis does not extend to the pol b family, which has three metal ion-binding aspartates (Sawaya et al., 1997) .
Motifs A and C have been identi®ed in all DNA polymerase families except the pol III family. Progress for this family has been hampered by the absence of crystal structures, lack of recognizable homology with other polymerase families, limited sequence data, and lack of reliable alignments within the pol III family. The recent explosion in availability of pol III sequences from diverse organisms has permitted us to make a tentative assignment of the motif C acids and to suggest ®ve candidates for the motif A carboxylate based on sequence alignments (Kim et al., 1997) . Implicit in this approach is the reasonable assumption that the pol III family contains analogs to the previously identi®ed motifs A and C. Here, we have experimentally veri®ed the motif C assignment by the effects of mutations on polymerase activity. We have also examined all of the proposed candidates for motif A, and similarly identi®ed its active site carboxylate. We conclude that the pol III motif A, with a carboxylate at position 555, is downstream from motif C, with acidic residues at positions 401 and 403. Motif A is upstream of motif C in the pol I and pol a families, but the order is reversed in the pol b family.
Results

Identification of active site candidates
Available DnaE sequences were aligned to identify candidates for the key active site residues to be subjected to mutational analysis in E. coli DnaE. The sequences, shown in Figure 1 for selected regions of the total alignment, span a wide range of evolutionary diversity. Shown are nine representative DnaE sequences from Proteobacteria, Spirochaetales, Cyanobacteria, Aqui®cales, and Firmicutes, out of a total of 20 that were aligned to locate the absolutely conserved acidic residues. Gram-positive bacteria have recently been shown to contain at least two pol IIIs (Koonin & Bork, 1996; Kunst et al., 1997) . The initially identi®ed Gram-positive pol III is approximately 1440 amino acid residues in length and, unlike the pol IIIs from Proteobacteria, the polymerase and the proofreading exonuclease domains are in the same polypeptide chain (Low et al., 1976) . More recently, genome sequencing has revealed a second Grampositive pol III (Koonin & Bork, 1996; Kunst et al., 1997) that is more similar to the DnaE of Proteobacteria than to the originally identi®ed Grampositive pol III prototype. In our alignment we refer to the more E. coli-like polymerases in Mycoplasma pneumoniae and Bacillus subtilis as type 1 (suf®x 1 in Figure 1 ) and the originally identi®ed Gram-positive pol III prototype as type 2 (suf®x 2 in Figure 1 ). In addition to the 20 sequences from GenBank, another ®ve sequences from projects in progress were used to further verify the alignment and the candidates chosen. The alignments were performed in a number of ways to ensure reliability. Entire sequences as well as selected regions were aligned using the program Pileup, which carries out a global alignment simultaneously on a set of sequences. Alignments at absolutely conserved acidic residues were veri®ed using the programs BLAST and Best®t, which align pairs of sequences. BLAST seeks local as Figure 1 . Alignment of DnaE proteins. Sequences are representative of the 20 eubacterial pol IIIs aligned to identify absolutely conserved acidic residues. The polymerase fragments depicted were aligned in the segments shown using the program Pileup. The E. coli position numbers are given above the top sequence for the residues used in mutational analysis, and the numbers of the identi®ed active site carboxylate groups are boxed. The number at the beginning of each line indicates the amino acid position for the ®rst residue in the corresponding sequence. Organisms with more than one DnaE sequence are labeled; those sequences with the suf®x 1 have greater homology to the DnaE of Proteobacteria than those labeled with 2 A dot indicates a gap inserted in the sequence for alignment optimization. The numbers bracketed by slashes give the number of omitted amino acid residues between aligned segments. Shading was added to emphasize homologous regions; 80 % of the sequences must be identical for black shading while the grey shading is for 80 % similarity. The protein identi®cation numbers used by the National Center for Biotechnology Information are: E. coli, 118794; B. subtilis1, 2635388; B. burgdorferi, 2688500; Synechocystis sp., 1653960; A. aeolicus, 2983510; M. tuberculosis, 1706493; M. pneumoniae1, 1674148; B. subtilis2, 118793; and M. pneumonia2, 1673778. opposed to global alignments and is, therefore, able to detect relationships among sequences that share only isolated regions of similarity and is used to search databases. BestFit makes an optimal alignment of the best segment of similarity between two sequences.
These alignments identi®ed positions 400-403 of the E. coli sequence, containing a conserved PDXD motif, as the only location where the acid-acid or acid-X-acid sequence of motif C (Delarue et al., 1990 ) is conserved for all sequences. The alignments revealed ®ve candidates for the single acid contained within motif A (E. coli amino acid positions 43, 328, 555, 593 and 706) . To con®rm the motif C carboxylate groups at positions 401 and 403 and to identify the correct motif A residue, we performed site-directed mutagenesis on these amino acid residues.
Expression and purification of mutants
The DnaE protein used in this study contains a 31 amino acid residue peptide fused to the N terminus (Figure 2 ) of the a subunit of E. coli pol III (Kim & McHenry, 1996) . The fusion peptide, which does not affect polymerase activity (Kim & McHenry, 1996) , includes a hexahistidine tag and a biotinylation sequence to aid in protein puri®-cation. The mutations were made using a splicing by overlap extension PCR as described in Methods and illustrated in Figure 2 .
DnaE mutant proteins were expressed in E. coli strain BL21(DE3) by induction with IPTG. The harvested cells were lysed and proteins in the soluble lysate were precipitated with ammonium sulfate. Proteins were characterized using a gap®lling assay that assesses polymerization activity on a gapped calf thymus DNA substrate. In most cases, proteins were further puri®ed by Ni-NTA (Ni-nitrilotriacetic acid) chromatography (see Methods). Table 1 summarizes the puri®cations of two representative mutant proteins: the relatively inactive D403E (Figure 3(a) ) and the more active D555E (Figure 3(b) ) polymerases. The protein pro®les for the two puri®cations were similar, with approximately 5 % of the total lysate protein eluted from each Ni-NTA column in the imidazole gradient. Quanti®cation of densitometric scans of the SDS/polyacrylamide gels indicated that the eluted mutant polymerases were approximately 85 % pure. In contrast with the similarity in protein pro®les, the activity pro®les of these polymerases were strikingly different. For the D403E puri®-cation (Figure 3(a) ), most of the activity was washed off the column before the imidazole gradient elution so that only 3 % of relatively low total lysate activity was eluted with the fusion protein.
The activity in the column¯ow-through and wash fractions is due to pol I, pol II, and residual levels of endogenous pol III, rather than the induced a fusion protein. For the D555E puri®cation (Figure 3(b) ), the lysate contained tenfold more total activity than that of D403E, and 56 % of this activity was eluted from the Ni-NTA column in Figure 2 . Mutagenesis strategy. Details for the sitespeci®c mutagenesis of DnaE by the overlap extension PCR strategy are described in Methods. The plasmid depicted expresses mutations of the DnaE fusion protein aNÁ1. The short peptide fused to the amino terminus of a contains both biotinylation and hexahistidine sequences. The nucleotide positions are given for the two HindIII sites in the 10022 bp plasmid. An asterisk (*) indicates the site of the mutation. a Activity of indicated lysate, ammonium sulfate, or Ni-NTApuri®ed fractions of mutant polymerases using the gap-®lling assay as described in Methods. Activities represent pol III plus pol I and pol II in lysates and ammonium sulfate fractions. The total yield of pol III in the Ni-NTA fraction represents, in part, loss of pol I and pol II which¯ow through the Ni-NTA column. The speci®c activities are not corrected for the percentage of intact a fusion protein in the Ni-NTA fraction.
the gradient. The protein speci®c activity in the column wash for all of the puri®cations was approximately the same. In the puri®cations of D403A and D401A (see below), no detectable activity was eluted from the Ni-NTA columns in the imidazole gradient after the wash step, showing that all contaminating wild-type and other polymerase activities were eliminated.
The speci®c activities of the various mutant proteins at different stages of puri®cation are shown in Table 2 . Activities were compared to that of the wild-type DnaE protein, aNÁ1 (Kim & McHenry, 1996) , which also contained the N-terminal fusion peptide.
D401 and D403 are the catalytic site motif C residues
Alignments indicated only one candidate for motif C: D401 and D403 which were separated by a bulky hydrophobic residue and preceded by a Pro. We ®rst mutated D401 and D403 to Ala to test the prediction that these were active site acidic residues. The proteins D401A and D403A, puri®ed through the Ni-NTA column, had no detectable activity (Table 2) , consistent with a motif C location for these amino acid residues. Further evidence was obtained by mutating the Asp to Glu at these positions. Puri®ed D401E and D403E had speci®c activities of 3.0 Â 10 3 and 5.1 Â 10 2 units/ mg, respectively (Table 2) , indicating 333 and 1960-fold reductions, respectively, from that of the wildtype polymerase. These mutant polymerases were also assayed with increasing concentrations of DNA and dNTPs. With a sixfold increase in DNA concentration and a threefold increase in dNTP concentration above the standard assay conditions, there was no change in the speci®c activities of D401E or D403E. Neither protein showed detectable activity in the holoenzyme reconstitution assay (see below). These mutational studies are consistent with our sequence alignment-based prediction that these amino acid residues are in the polymerase active site.
Identification of motif A residue
Assignment of the motif A location was more dif®cult because of a larger number of candidates (E. coli DnaE amino acid positions 43, 328, 555, 593 and 706; see Figure 1 ). Since all of the candidates are highly conserved among divergent pol IIIs, these amino acid residues are probably functionally or structurally signi®cant, even if they are not one of the three critical acidic active site Mg 2 -chelating residues. Consequently, a number of mutations for each candidate was often required to distinguish the active site residue. We expect that almost any mutation at the active site will signi®-cantly impair polymerase activity, but that other Polymerase III Active Site critical sites involved in structural integrity, for example, will tolerate some mutations without a drastic reduction in activity.
D593 is not an active site residue{
Initially, a mutation to Ala was made for the motif A candidate at position 593. Surprisingly, the speci®c activity in the D593A lysate (1.2 Â 10 5 units/mg) was greater than that in the wild-type (8.0 Â 10 4 units/mg) lysate. Similarly, the D593A polymerase activity (2.7 Â 10 5 units/ mg; Table 2 ) was greater than that of the wild-type polymerase fusion protein (1.5 Â 10 5 units/mg) puri®ed through the ammonium sulfate precipitation step. These results suggested that the D593A mutant protein was not impaired in polymerase activity and it was, therefore, not studied further.
Also shown for comparison are the speci®c activities of the E243A and D290A polymerases puri®ed through ammonium sulfate precipitation (Table 2 ). These proteins are mutated at amino acid residues that are highly conserved among the closely related Proteobacteria homologs of E. coli, but are not conserved among more divergent DnaE sequences. Mutations were initially made at these positions because they were potential candidates before the more divergent sequences became available. The activities of these mutants (4.7 Â 10 4 and 5.7 Â 10 4 units/mg for E243A and D290A, respectively) were approximately one-third that of the wild-type polymerase after ammonium sulfate puri®cation ( Table 2 ). The reduction in activity for these mutant proteins provided a useful control for evaluating the relative effects of mutations at other positions.
D706 is not an active site residue D706 was eliminated as a candidate by several mutations. Like the D593-mutated proteins, the polymerases with replacements at position 706 puri®ed only through ammonium sulfate precipitation were suf®ciently active for conclusions to be made. First, the speci®c activity of D706A was only 14-fold less than that of the wild-type at the ammonium sulfate stage of puri®cation ( Table 2 ), suggesting that D706 was probably not within motif A. To con®rm this conclusion, further mutations to Asn and Ser were made. D706N and D706S activities were only ®vefold and 6.8-fold reduced as compared with the wild-type (Table 2) . The active site D401E and D403E mutant proteins, in comparison, displayed 150-fold reductions from wild-type activity at this degree of purity ( Table 2) . The Ala, Asn and Ser mutations were, therefore, a Speci®c activity of indicated lysate, ammonium sulfate, or Ni-NTA-puri®ed fractions of mutant polymerases using the gap-®lling assay as described in Methods. The Ni-NTA fraction activities have been corrected for the fraction of intact a fusion protein. ND, not determined.
b Percentage intact a fusion protein determined from densitometric scans of Coomassie-stained gels.
{ An active site residue, in the context of this study, refers only to one of the three ciritical Mg 2 -chelating amino acids that directly participate in catalysis.
consistent and argued against the possibility that D706 was one of the active site carboxylates.
The remaining candidates (D43, E328, D555) required more rigorous analyses because of the lower activities that were found in the ammonium sulfate pellets. The polymerases in these cases were puri®ed by Ni-NTA chromatography to remove a background of pol I, II, and endogenous pol III activities, enabling a more accurate determination of the puri®ed enzymes' intrinsic activities.
D43 is not an active site residue
A number of mutations were made at D43 and all of the proteins were puri®ed through Ni-NTA chromatography. D43A had a low speci®c activity, 415-fold less than that of the wild-type polymerase (Table 2 ) and, therefore, further mutations were required. In contrast to the relatively inactive D43A, mutant polymerase D43E was as active as wild-type, and D43C was only 4.3-fold less active than wild-type. An acid to corresponding amide change would be expected to destroy metal chelating activity, but the D43N polymerase activity was only 3.6-fold reduced relative to that of the wildtype. In comparison, D555N activity was 3125-fold less than wild-type activity. Even D43S, with a 53-fold reduction from wild-type activity, was much more active than D555S (4000-fold reduction). We conclude that D43 is not within motif A.
E328 is not an active site residue E328 was replaced by Ala and the resulting polymerase puri®ed by ammonium sulfate precipitation. The speci®c activity of E328A was 227-fold lower than that of the similarly puri®ed wild-type polymerase (Table 2 ) and, therefore E328 was still a candidate after the Ala mutation. Consequently, the mutations to Gln, Asp, Cys, and Ser were made at E328 and the mutant polymerases were puri®ed by Ni-NTA chromatography. For these proteins we observed a 5 to 25-fold reduction in activity compared with wild-type, with the largest decrease for the Gln mutation and the least for the Cys replacement. These reductions were, in general, more severe than those seen with the D43 mutant polymerases but, the E328 mutant proteins are much more active than the D555 mutated polymerases (8 to 4000-fold reductions). This comparison eliminates E328 as a candidate.
Mutational evidence that D555 is the catalytic site motif A residue A series of ®ve replacements were made at D555 and the mutant proteins were puri®ed. After Ni-NTA chromatography, all but one of these mutant proteins were inactive. The activities of D555A, D555S and D555N (Table 2) were barely detectable and represent 1560, 4000 and 3125-fold reductions, respectively, from wild-type activity. The activity of D555C was 435-fold less than wild-type activity, and was signi®cantly less than the activities of polymerases produced by Cys mutations at E328 (sixfold reduction) and D43 (4.3-fold reduction). The activity of D555A was also assayed with a sixfold increase in DNA concentration and a threefold increase in dNTP concentration above the standard assay conditions; no change in speci®c activity was observed.
The Glu mutation provided the only surprising result for this series. All of the other mutations at D555 produced over 400-fold reductions in activity, except for the Glu mutation that resulted in only an eightfold decrease from wild-type activity (Table 2) . Although the reduction was signi®cant, this mutation had more dramatic consequences at the motif C positions 401 and 403 (333 and 1960-fold reductions, respectively). At other motif A candidate positions, only slight effects were observed for the conservative acid replacement. The D43E protein activity was the same as that of wild-type and the corresponding E328D mutant polymerase was ninefold less active than wild-type. Perhaps the single acid motif A position can better tolerate a Glu mutation than the motif C residues because of fewer conformational restraints imposed by the geometry at D555 (see Discussion).
Based on the consequences of mutations at D555, particularly when compared with the effects of corresponding mutations at other candidate positions, we conclude that D555 is the most likely motif A candidate. Additional evidence is provided by the metal ion dependence phenotypes.
Effect of Mn 2 on polymerase activity
Since the acidic amino acid residues within motifs A and C chelate Mg 2 at the active site, the effect of Mn 2 on mutant polymerase activity was investigated. Studies have shown that Mn 2 often increases the activity of polymerase active site mutants relative to that of wild-type (Blasco et al., 1992 (Blasco et al., , 1993 , suggesting an interaction between the mutated amino acid and the ion.
The activities of various mutant DnaE proteins were titrated with Mg 2 and Mn 2 to determine the optimal concentration for each metal ion. In the titration of the wild-type polymerase (Figure 4(a) ), maximum activity with Mg 2 occurred at 10 mM metal ion, resulting in a speci®c activity of 1 Â 10 6 units/mg. With Mn 2 , the maximum value, 3.2 Â 10 6 units/mg at 30 mM, was an enhancement of 3.1-fold over wild-type polymerase activity in Mg 2 . The effect of Mn 2 on polymerase activity of D555C was considerably greater (Figure 4(b) 
Conformation integrity of the mutant polymerases
To examine the possibility that the effects of the mutations on polymerase activity were merely due to a gross alteration in protein folding, the abilities of the mutant enzymes to interact with other subunits of the pol III holoenzyme were tested. We ®rst focused on polymerases mutated at positions 401, 403, and 555, which were the active site locations based on mutational analyses. Mutant proteins D401E, D403E, D555A, D555C, D555E, The gap-®lling assay activities of (a) wild-type a fusion polymerase and (b) mutant polymerase D555C were determined as a function of metal ion concentration. Assays were performed as described in Methods except for the metal ion. a Activity of Ni-NTA puri®ed proteins using the gap-®lling assay as described in Methods, except for the metal ion conditions. Activities have been corrected for the fraction of intact a fusion protein shown in Table 2. D555N, and D555S were tested for holoenzyme polymerase activity (Table 4) using an assay in which the a subunit is mixed with the processivity factor b and the t-complex (t 4 dd H wc) to reconstitute holoenzyme. For the DnaE subunits mutated at the putative active sites, only D555E exhibited any detectable holoenzyme activity. Its activity (2.1 Â 10 3 units/mg) was 1700-fold less than that of the holoenzyme reconstituted from wild-type DnaE (3.7 Â 10 6 units/mg). Of the postulated active site mutants, D555E was also most active in the gap-®lling assay (Table 2) with an eightfold reduction in activity compared with that of wildtype. The much larger reduction in the D555E holoenzyme activity (1700-fold) compared with reduction in its gap-®lling activity (eightfold) may re¯ect a translocation defect in the mutant in addition to its reduced ability to catalyze incorporation of nucleotides. There are an estimated 450 pmol of 3 H -OH ends in the gap-®lling assay compared with less than 1 pmol in the holoenzyme assay and, therefore, the former assay may measure only the addition of a single nucleotide to available ends in a distributive manner.
In contrast with the D555 mutant proteins, all of the polymerases with replacements at D43 and E328 exhibited activity in the holoenzyme assay (Table 4 ). The magnitudes of the observed reductions in activity relative to that of wild-type holoenzyme were comparable with the corresponding reductions seen for these mutant polymerases in the gap-®lling assay. The results show that these mutant polymerases are able to interact with other holoenzyme subunits.
The donut-shaped b is the clamp that tethers the polymerase to DNA (Kong et al., 1992; LaDuca et al., 1986) and can be loaded onto the DNA by the t-complex (Dallmann et al., 1995) . The t subunit also binds a and holds the dimeric polymerase together (McHenry, 1982; Kim & McHenry, 1996) .
Using the interactions between the a subunit and the holoenzyme accessory proteins as a probe for mutant DnaE conformation, we examined the ability of the putative active site mutant polymerases to compete with the wild-type a in the holoenzyme assay. The mutated a was added in increasing concentrations to a reconstitution assay that contained wild-type a. Any decrease in activity concomitant with increased concentration of mutant DnaE is due to the inclusion of the mutant protein in holoenzyme complexes or subassemblies. If these interactions are suf®ciently strong, the mutant polymerase that is defective in polymerization will sequester accessory proteins or primer-templates that are required for polymerization by the wildtype enzyme. In all cases, increasing concentrations of a subunits mutated at postulated active sites caused a decrease in wild-type holoenzyme activity ( Figure 5 ). The competitors were not equally effective; with 21 fmol of D555N in a reaction containing 25 fmol of wild-type a, there was a 92 % decrease in activity, but for D403A, approximately 75 fmol was required to achieve 50 % inhibition. The mutant a subunits apparently have varying af®nities for the pol III holoenzyme auxiliary factors or the primer-template. Heat-denatured mutant subunits, added at 250 fmol, had no effect on wild-type polymerase activity. These experiments show that although the mutant proteins are de®cient in polymerization activity, they are still capable of interacting with other subunits of the holoenzyme complex.
Discussion
Site-speci®c mutagenesis of the E. coli DnaE subunit has enabled us to locate the acidic residues that chelate Mg 2 in the active site of the polymerase; the aspartate residues at positions 401 and 403 are within a conserved block of amino acid residues analogous to the motif C previously identi®ed for other polymerase families (Delarue et al., 1990) , and D555 is within a segment analogous to motif A.
Sequence alignment data and 10 2 to 10 3 -fold reductions in speci®c activity for Asp to Ala or Glu mutations at D401 and D403 (Table 2) provided the con®rmation of the motif C location. There is only one sequence block where an acid-acid or acid-X-acid motif is conserved for all DnaE proteins in the alignment (Figure 1 ; Kim et al., 1997) . The PDXD is within a block of amino acid residues that shows considerable similarity among DnaE sequences from widely divergent eubacteria. The alignment is reliable in this very conserved section, since the alignment programs BLAST, Pileup, and Best®t all gave the same alignment for this segment. It is unlikely that a critical active site residue would occur within a region of low sequence conservation and, therefore, not be correctly identi®ed by our sequence alignment. The Gram-positive sequences that are more divergent from that of a Activity of Ni-NTA-puri®ed protein using the holoenzyme assay as described in Methods. Activities have been corrected for the fraction of intact a fusion protein shown in Table 2 .
E. coli (those with a suf®x 2 in Figure 1 ) were more dif®cult to align with the Proteobacteria sequences, but the inclusion of such widely divergent sequences in the alignment further supports our conclusion. A signi®cant complication in previous attempts to obtain a reliable alignment in the motif C region between Gram-positive type 2 and E. colilike DnaEs was due to a 41-residue insertion in the former sequences. This insertion, with repeating His and Cys residues at the beginning and end, is illustrated by the B. subtilis2 and M. pneumoniae2 sequences just upstream of a position corresponding to E. coli DnaE amino acid 384 (Figure 2 ). The insertion is probably a zinc ®nger (Barnes et al., 1998) .
The motif A assignment is based on sequence alignments, decreased activity for a series of mutations, and the metal ion-dependent phenotype observed for D555 mutants. All of the mutations at D555, except for Glu, resulted in more than 400-fold reductions in activity compared with that of wild-type. These reductions are more severe than those produced by the corresponding mutations at the other motif A candidate positions.
The identi®cation of motif A was more complex than that of motif C, because the criterion for a single conserved acidic residue yielded a larger number of candidates (E. coli amino acid positions 43, 328, 555, 593 and 706) . The sequence alignments (Figure 1) showed that like motif C, most of the motif A candidates were within regions of high local homology. This adds credence to the reliability of the alignments, and we believe our candidates are correct and inclusive. More than 20 sequences were used in our alignments, and near the identi®ed position 555 are several other absolutely conserved amino acids (K553, L557 and G558).
With the exception of D555E, all of the mutations at D555 led to severely diminished polymerase activity. In fact, all of the conservative acid (Glu or Asp) to acid (Asp or Glu) mutations for the motif A candidates produced relatively active polymerases that were reduced less than ninefold relative to wild-type activity. The unexpected activity of D555E (eightfold reduction from wildtype activity) does not preclude D555 from being a motif A acidic residue. It is possible that the D555-ligand interaction accommodates a Glu mutation by local conformational adjustments driven by the energetics of Mg 2 chelation. We would not expect an Asp to Glu replacement to be accommodated in motif C, because of the additional geometric constraints imposed by two nearby carboxylate groups being involved in metal ion-binding. There is precedence for varying effects of mutations at different active site acidic residues. In the 3 H -5
H exonuclease active site of Klenow, which also involves a three acid-Mg 2 chelation mechanism, mutation of the metal binding acidic residue, D424, to Glu produces only a 25-fold reduction in exonuclease activity compared with that of wild-type, while the same mutation at the active site residue D501 results in a 180-fold reduction (Derbyshire et al., 1991) . There is only a 28-fold decrease in the V max of T7 RNA polymerase upon replacement of D537 (motif A corresponding site) to Glu, but a Figure 5 . Competitive inhibition of wild-type holoenzyme activity by mutant DnaEs. Holoenzyme, reconstituted using 25 fmol of wild-type a fusion protein, was assayed for activity as a function of added mutant fusion protein as described in Methods. The indicated amount of mutant inhibitor was corrected for the purity, shown in Table 2 , of the Ni-NTA-puri®ed protein.
3300-fold decrease when D812 (motif C) is similarly replaced (Bonner et al., 1992) .
Our proposed motif A (D555) and C (D401 and D403) assignments are consistent with the ability of Mn 2 to partially suppress the effect of some mutations at these positions. In the presence of Mn 2 , the activities of D555S, D555A, and D555N were enhanced 30 to 37-fold over their activities in Mg 2 (Table 3) . This is similar to the effect of Mn 2 on the activities of D401E and D403E (26 and 38-fold enhancement) and much larger than the enhancement by Mn 2 on the activities of wildtype, D43, and E328 mutant polymerases (one-to ®vefold). Mn 2 can sometimes overcome the defective activity of a mutant polymerase, and studies have demonstrated increased activity of some polymerases with mutations at, or even only near, motif A and C acidic residues in the presence of Mn 2 compared with Mg 2 (Blasco et al., 1992 (Blasco et al., , 1993 . These metal iondependent phenotypes have been explained by the direct involvement of the mutated amino acid in metal binding or by the proximity of these mutations to the critical metal-binding carboxylate groups.
Mn 2 enhances the use of non-complementary nucleotides by DNA polymerases (Kunkel & Loeb, 1979; Tabor & Richardson, 1989) . The reduced activity in Mg 2 of a Tn7 transposase with Asp to Asn or Glu to Ala mutations at a proposed active site is rescued by Mn 2 (Sarnovsky et al., 1996) . Ligation or cleavage reactions are more likely to occur at non-cognate sites in the presence of Mn 2 compared to Mg 2 Polard & Chandler, 1995) . In these cases, Mn 2 apparently reduces the``speci®city'' of reactions. A mutated amino acid that alters the local conformation of the active site is analogous to a non-cognate site. Mn 2 can suppress defects in the activity of restriction enzymes mutated at amino acid residues that contact the DNA recognition site sequence . Our data suggest that a similar mechanism underlies the enhancement of the activites of D555S and D555A in Mn . This provides additional evidence that D555 is an active site residue.
D555C showed the greatest suppression of defective polymerase activity by Mn 2 , with a 63-fold greater activity in Mn 2 than in the presence of Mg 2 . This result, which might re¯ect a combination of the``reduced speci®city'' effect and the fact that Mn 2 is more effective than Mg 2 in coordinating sulfur (Pecoraro et al., 1984) , more directly points to D555 as part of the active site motif. Mn 2 has been shown to relieve activity defects of an Asp to Cys mutation in an active site candidate of transposase Tn7, and an oxygen to sulfur substitution in the active site of ribozymes (Sarnovsky et al., 1996; Piccirilli et al., 1993; Dahm & Uhlenbeck, 1991) . These effects have been attributed to an interaction between the metal ion and speci®c substrate sites.
Our conclusions place the pol III family motif A downstream of motif C. The same order is found in the pol b family but not the pol I and pol a families. However, homology between pol I and pol b is not readily apparent; the two may represent examples of convergent evolution (Sawaya et al., 1994) . However, these families share a common mechanism for nucleotide addition and have analogous features in the active site regions, including the property that the active site carboxylate groups for these polymerases are at the ends of juxtaposed b sheets. Final proof of the pol III family active site residues, and possible evolutionary relationship to other polymerase families, awaits determination of a pol III structure by X-ray crystallography.
Methods
Strains and plasmids
À thi gyrA96 relA1) was used for cloning and plasmid preparation purposes. Protein expression was accomplished in E. coli B strain BL21(DE3) (F À dcm ompT hsdS(r B -m B -) gal l(DE3)).
Construction of mutant proteins
Site-directed mutagenesis was performed on plasmid pET11N0 which expresses the a fusion protein aNÁ1 (Kim & McHenry, 1996) under the control of an inducible T7 promoter. This plasmid encodes a short peptide fused to the amino terminus of a. The fusion peptide region includes a biotinylation sequence and a hexahistidine sequence to aid in protein puri®cation. The method of splicing by overlap extension (Horton et al., 1993) was used in PCR-amplifying, using Pfu DNA polymerase (Stratagene), a region of the dnaE gene with primers containing the desired mutation (Figure 2 ). The mutation primers (synthesized by Life Technologies, Inc. Gaithersburg, MD) were 21 nucleotides in length with the mutation(s) centrally located. After the ®rst round of PCR, the ampli®ed fragments were gel-puri®ed to insure that no wild-type template was present during the second round of ampli®cation (Figure 2 ). Restriction digests were performed on PCR-ampli®ed fragments from the second round, and the desired fragments were gel-puri®ed and ligated to an appropriate vector containing the rest of the dnaE gene. Mutations were veri®ed by sequencing.
The strategy, choice of outer primers, and restriction enzyme sites for cloning depended on the location of the mutation. For replacements at amino acids 43, 243, and 290 of DnaE, PstI and A¯II sites were used ( Figure 2) ; for amino acids 326, 328, 401, 403, and 555, the HindIII site at nucleotide 7201 and the unique XhoI site were used. Since there are two HindIII sites in pET11N0 (Figure 2 ), a subclone strategy was employed for this second set of mutations. The mutated PCR fragment was ligated with a vector lacking the HindIII fragment between nucleotides 7201 and 9989, and transformed into DH5a. The resulting plasmid clone lacked the C terminus of dnaE contained within the removed HindIII fragment. The intact but mutated pET11N0 clone was then reconstructed by ligating the removed fragment to the HindIII-digested mutated subclone.
For the mutations at amino acid 706, the downstream outer primer contained sequences complementary to nucleotides at the terminus of dnaE up to the stop codon, and then non-complementary nucleotides that included an EcoRI site. The upstream outer primer was located 100 nucleotides upstream of the HindIII site at position 7201. The mutated PCR fragment was digested with EcoRI and HindIII and ligated to a similarly digested vector pET11N0. The resulting plasmid, therefore, lacked the non-essential nucleotides between the end of the dnaE gene and the EcoI site in pET11N0.
Growth and induction of overexpressing E. coli strains
Strains containing overexpressing plasmids were grown as described (Kim & McHenry, 1996) , except that growth and induction were at room temperature rather than 37 C to increase the yield of soluble a fusion protein. Cells were induced and harvested by centrifugation after two hours of induction as described (Kim & McHenry, 1996) .
Protein purification
Cells were lysed as described (Cull & McHenry, 1995) in the presence of 3 mg of lysozyme per g of cells, 5 mM benzamidine, and 1 mM PMSF. The a fusion protein was precipitated in ammonium sulfate, followed by a Ni-nitrilotriacetic acid column as described (Kim & McHenry, 1996) , except that the column was washed with 20 rather than 10 column volumes to insure removal of all contaminating polymerases or polymerase-like activities. After chromatography, the purity of the intact mutant polymerase was determined by quanti®cation (ImageQuant program, Molecular Dynamics) of densitometric scans of Coomassie-stained gels. Relative purities were taken into consideration in assessing speci®c activities and the lower limits of detection for those polymerases lacking detectable activity. For convenient comparison, protein concentrations were determined by the method of Bradford (1976) . We found that the Bradford-determined concentration of the puri®ed a subunit fusion protein was within 10 % of the concentration determined by using the extinction coef®cient of the wild-type a subunit.
DNA polymerase assays
Two DNA polymerase assays were used: (1) the standard gap-®lling polymerase assay, which does not require interaction with other holoenzyme subunits, was used to screen active site mutants, and (2) the holoenzyme reconstitution assay was used for further characterization. The gap-®lling assay was carried out using activated calf thymus DNA (Kim & McHenry, 1996) , a DNA concentration of 0.6 mM (as total nucleotide), 10 mM MgCl 2, and a dNTP concentration of 48 mM, except for TTP which was used at 15 mM. One unit is de®ned as the amount of enzyme catalyzing the incorporation of 1 pmol of dNTPs per minute at 30 C. In the holoenzyme reconstitution assays (Dallmann et al., 1995) , holoenzyme was reconstituted using the t-complex (116 fmol as t 4 dd H wc), b (285 fmol as dimer) and a mutant proteins, and mixed with M13Gori DNA (58 fmol as circle), DnaG primase (60 U), E. coli singlestranded DNA binding protein (1.6 mg), four rNTPs (each 0.2 mM), four dNTPs (48 mM each dATP, dCTP, dGTP; 15 mM dTTP; 100 cpm 3 H/pmol dNTPs), and 10 mM magnesium acetate. The reaction mix (25 ml) was incubated at 30 C for ®ve minutes and processed by precipitation with trichloroacetic acid and scintillation counting as described (McHenry & Crow, 1979) . The wild-type DnaE protein standard was aNÁ1 (Kim & McHenry, 1996) .
Competition assays
The holoenzyme reconstitution assay of the wild-type a fusion protein was used. The competitors were various Ni-NTA-puri®ed mutant polymerases. From 6 to 212 fmol of the mutant polymerase were added to 5 fmol of t complex (t 4 dd H wc) in a reaction tube on ice. M13 Gori DNA (20 fmol as circles), E. coli singlestranded DNA binding protein (1.6 mg), and b (20 fmol as dimer) was then added to this mixture. Finally, wildtype DnaE protein (25 fmol of aNÁ1), 10 mM magnesium acetate, four rNTPs (each 0.2 mM), and four dNTPs (48 mM each dATP, dCTP, dGTP; 15 mM dTTP; 100 cpm 3 H/pmol dNTPs) were added. The reaction mix (25 ml) was incubated at 30 C for ®ve to ten minutes and processed as described (McHenry & Crow, 1979) . Control experiments included heat denaturation of the competitors before its addition to the assay. In these cases, no inhibition of the wild-type activity was observed.
Sequence alignments
Alignments of the DNA pol III sequences were accomplished using the programs Pileup and Best®t as implemented in versions 8.1 and 9.0-Unix of the Genetics Computer Group Wisconsin Sequence Analysis Package. The Pileup scoring matrix is different in the two versions and, for our purposes, the default matrix of version 8.1 was generally used. This could be implemented in version 9.0 by specifying oldpep.cmp with a gapweight of 30 and a lengthweight of 1, rather than the default version 9.0 parameters. The alignments shown here were made on selected segments of the sequences. Alignments were also checked using the Blast version 2.0 program accessed through the National Center for Biotechnology Information web site.
